Introduction
============

Sunflower (*Helianthus annuus* L.) is the fourth most important oil crop in world trade after oil palm, soybean and rapeseed, with an annual production of 12.6 million tons of oil. Sunflower produces a healthy oil rich in unsaturated fatty acids as well as a high vitamin E content. Total sunflower production has doubled worldwide over the past 20 years reaching 45 million tons of seeds in 2013 (FAOstat).

Downy mildew caused by *Plasmopara halstedii* is one of the major diseases affecting sunflower yield ([@B16]). This pathogen has been reported in most of the sunflower seed producing countries. Yield loss has been estimated in France to be around 3.5% of commercial seed production but can be up to 100% in contaminated fields. In addition cultivation of sunflower has to be abandoned in highly contaminated fields. *P. halstedii* is an obligate biotrophic oomycete able to infect annual species of the *Helianthus* genus, including *H. argophyllus, H. debilis*, and *H. petiolaris*, and wild and cultivated varieties of sunflower *H. annuus*. *P. halstedii* belongs to the Peronosporales, the most devastating group of plant pathogenic oomycetes which includes the hemibiotroph genus *Phytophthora* causing late blight diseases and a large group of obligate biotrophs causing downy mildews, such as *P. viticola* on grapevine, *Bremia lactucae* on lettuce, and *Hyaloperonospora arabidopsidis* on *Arabidopsis thaliana* ([@B35]; [@B53]; [@B17]). Since 1992, this pathogen has been subject to quarantine regulation in the European Union. Thirty six pathotypes of *P. halstedii*, often known as races, have so far been identified worldwide. They are defined by an international nomenclature system, based on differential virulence profiles on a set of sunflower inbred lines containing different resistance loci called *Pl* ([@B56]; [@B16]).

To avoid downy mildew attacks, modern sunflower cultivars carry one or more dominant *Pl* resistance genes. More than 20 *Pl* loci (*Pl1* to *Pl21, Pl~Arg~, Pl~PMI3~*), conferring resistance to at least one pathotype of *P. halstedii*, have been described and 13 of them mapped in sunflower in six main clusters localized on five different linkage groups (LG) (LG 1, 2, 4, 8, and 13), but none has been cloned so far (see for review, [@B16]; [@B40], [@B39]). Resistance to pathotype 710 of *P. halstedii*, a widely spread pathotype in France, is observed with different *Pl* loci ([@B16]). *Pl5, Pl6* and *Pl7* are three *Pl* loci conferring resistance to pathotype 710, for which near-isogenic introgressed lines are available. *Pl5* originated from *H. tuberosus* (a perennial species) ([@B62]), *Pl6* was derived from wild non-cultivated *H. annuus* and *Pl7* from *H. praecox* Englem and Gray ([@B36]). *Pl6* and *Pl7* are localized in a large genomic region of LG 8 called cluster *Pl6/Pl7*, close to, but genetically different from the cluster *Pl1/Pl2*, which does not confer resistance to pathotype 710 ([@B58]). The *Pl6* region is rich in Toll/interleukin-1 receptor- nucleotide binding site- leucine-rich repeat (TIR-NBS-LRR) resistance gene analogs (RGA) ([@B3]). *Pl5* is localized on LG 13 in another large resistance cluster known as *Pl5/Pl8* and rich in RGA presenting coiled-coil (CC)-NBS-LRR domains ([@B42], [@B41], [@B43]). *Pl21*, another *Pl* locus that does not confer resistance to pathotype 710, is also closely linked (8 cM) to the *Pl5/Pl8* cluster ([@B59]).

Plant-pathogenic oomycetes, either obligate biotrophs or hemibiotrophs, rely for their developmental cycle on pathogenicity factors, called effectors, that modify the metabolism of host plants to their benefit and thus enable pathogenicity ([@B4]). Repertoires of hundreds of effector proteins that can be localized in either the apoplasm or cytoplasm of plant cells have been described to be encoded in oomycete genomes ([@B52]). Within the class of cytoplasmic effectors, the RXLR and Crinkler (CRN) families have been shown to be secreted by the pathogen from infection/nutrition invaginations called haustoria and translocated into host cells thanks to specific amino acid sequences RXLR-EER or LXLFLAK, respectively ([@B64]; [@B46]). Following infection of sunflower, *P. halstedii* shows intercellular growth and produces haustoria in root, hypocotyl and cotyledon cells ([@B16]). Putative cytoplasmic effectors of RXLR and CRN-type expressed during the interaction were described from transcriptomic and genomic studies ([@B1]; [@B47]; [@B15]; [@B33]). However, no functional data has been published on *P. halstedii* effector expression *in planta*.

Six putative *P. halstedii* effectors from pathotype 710, five RXLR and one CRN, were selected for functional analyses in sunflower. Their expression was analyzed by q-RT PCR in *P. halstedii* spores and in pathotype 710 infecting sunflower. An *Agrobacterium tumefaciens*- based transient expression assay was set up in sunflower leaves of whole plants to perform functional studies of *P. halstedii* effectors *in planta*. Subcellular localizations of the six *P. halstedii* effectors fused to a fluorescent protein tag were performed for the first time in sunflower. Over-expression of the effector fusions were analyzed in susceptible and resistant sunflower lines carrying one of three different *Pl* loci, *Pl5, Pl6*, or *Pl7*, in order to check their eventual recognition through the triggering of hypersensitive (HR) -- like reactions.

Materials and Methods {#s1}
=====================

Sunflower Lines and *P. halstedii* Pathotype 710
------------------------------------------------

Three Pl resistance loci (*Pl5, Pl6*, and *Pl7*) confer resistance to *P. halstedii* pathotype 710 in sunflower. Two sunflower Near Isogenic Lines, NIL161R and NIL161S, containing or not the *Pl5* resistance locus were used in this work. The Recombinant Inbred Line (RIL) RIL161 was selected from the INEDI population of RILs ([@B59]) produced by crossing INRA inbred lines XRQ (having the resistant allele of *Pl5* locus on LG13, conferring resistance to pathotype 710) and PSC8 (having the resistant allele of *Pl2* locus on LG8, that does not confer resistance to pathotype 710). The RIL161 line was homozygous for the whole genome except for a heterozygous region of 9.1 cM on LG13 containing the *Pl5* locus. After selfing of the RIL161, 20 progenies were genotyped with markers surrounding *Pl5*. Two homozygous sunflower lines at the *Pl5* locus were selected in the progeny: NIL161S with the *Pl5* susceptible allele from the PSC8 parental line and NIL161R with the resistant allele from the XRQ parental line. This couple of NILs differ genetically only by a region of 9.1 cM of LG13 containing the *Pl5* locus, and have the susceptible allele of *Pl2* locus on LG8.

INRA Inbred lines CAY and GB have no identified *Pl* gene and are susceptible to all *P. halstedii* pathotypes including pathotype 710. CAYRM was obtained by backcrossing the *Pl6* gene from the inbred line YDQ (derived from USDA line HA335) into CAY, and GBRM by backcrossing the *Pl7* gene from the inbred line YEQ (derived from USDA line HA338) into GB. In each case, six back-crosses and two generation of selfing were made to obtain homozygous resistance in a susceptible genetic background.

NIL161R presents type II resistance to *P. halstedii* pathotype 710, as shown for *Pl*5 in other genetic backgrounds, whereas CAYRM and GBRM present type I resistance to 710 ([@B16]). Sporangia and spores of pathotype 710 were collected from sunflower genotype Peredovik \[a open pollinated sunflower variety susceptible to all *P. halstedii* pathotypes and used to produce *P. halstedii* sporangia, in a closed growth chamber using the infection method described by [@B37]\].

Plant Growth Conditions
-----------------------

Sunflower seeds germinated for 48 h are soaked in a *P. halstedii* spore solution (10^5^ spores/ml) produced with freshly harvested sporangia from infected and sporulating cotyledons, for 4 h before sowing in flats containing soilless compost. Plants are then grown at 18°C, 16/8 h day/night photoperiod and 80% relative humidity, allowing the development of the disease. Flats are covered for 48 h at 14 dpi to induce sporulation by humidity saturation. *P. halstedii* spores are harvested from infected cotyledons in order to perform DNA and RNA extractions.

For transient expression experiments, sunflower are grown under 16/8 h day/night photoperiod, 75% relative humidity and 22°C. Fourteen days old seedlings were used for infiltration of agrobacteria solution.

For qPCR experiments, seeds were surface sterilized with a bleach solution (2.5% of active chloride) and 0.1% of Tween20 for 20 min. Seeds were rinsed three times with sterile water for 10 min and germinated in Petri dishes containing Campbell medium during 48 h in order to reveal any contamination. Seeds were infected with a spore solution (10ˆ5 spores/ml) freshly harvested from infected cotyledons surfaced sterilized before sporulation for 4 h and then were placed in squared plates with Fahraeus medium in a growth chamber (16/8 h day/night photoperiod, 80% relative humidity, 18°C).

RNA Extraction and qPCR Experiments
-----------------------------------

Seedlings were harvested at 3, 7, and 11 dpi, frozen and grinded in 2 ml tubes with a 5 mm steel bead. Total RNA from roots was isolated using NucleoSpin^®^ RNA (Macherey-Nagel). RNA quantity and quality were estimated on some samples using Agilent Bioanalyzer 2100 LabChip and Agilent RNA 6000 Nano kit. An RT reaction was performed with Transcriptor Reverse transcriptase (Roche) on 1 μg of total RNA. Concentration of all samples was estimated using NanoDrop (Thermo Fisher Scientific). Primers were designed in order to amplify 75--150 bp products (Supplementary Table [1](#SM1){ref-type="supplementary-material"}). LightCycler 480 SYBR Green I Master was used to achieve qRT-PCR reaction. Eight plants were ground together to avoid different infection stages. Three different biological replicates of eight seedlings were extracted for each infection time, and three technical replicates were performed for qPCR experiments. Mean relative expression was calculated using *P. halstedii RIBS3A* gene encoding 40S ribosomal protein S3a (Supplementary Data [1](#SM2){ref-type="supplementary-material"}) as reference gene with three biological and three technical replicates.

Cloning of Candidate Effectors from *P. halstedii* Pathotype 710
----------------------------------------------------------------

Candidate RXLR effectors were cloned by Gateway cloning (Life technologies). cDNA from *P. halstedii* pathotype 710 spores was used as matrix to amplify putative effectors, with Phusion High-Fidelity Taq DNA polymerase. Specific primers were designed with Primer3 on the coding sequence of each gene (Supplementary Data [1](#SM2){ref-type="supplementary-material"}) deleted of its predicted signal peptide, and contained appropriate recombination sequences for Gateway or Golden gate cloning (Supplementary Table [1](#SM1){ref-type="supplementary-material"}). PCR products were purified on agarose gel with Wizard SV Gel and PCR Clean-Up System (Promega) and were cloned in a pBIN19 Gateway expression vector pBin19-35S-GW-YFP ([@B14]), (kindly provided by Susana Rivas, LIPM Toulouse) in order to create fusion proteins with YFP in N-terminal part of the protein; the effector domain of the protein is free to interact with other molecules and potentially fully functional. CRN37 coding sequence deleted from its first 19 amino acids was fused to a peptide tag GFP under the control of 35S promoter and cloned in one step in the expression vector pCAMBIA-CR1 ([@B12]) using the cloning method "Golden gate" ([@B10], [@B9]). pCAMBIA-CR1 vector containing GFP under the control of 35S promoter was used as positive control for PhCRN37 transient expression experiments.

*Agrobacterium*-Mediated Transient Expression Experiments
---------------------------------------------------------

*Agrobacterium tumefaciens* strain LBA4404 was used for transient expression experiments in sunflower genotypes and GV3101 in *Nicotiana benthamiana*. *A. tumefaciens* transformed strains were grown in a 2 ml preculture overnight in a LB medium containing appropriate antibiotics at 28°C under agitation. Preculture was used to inoculate 15 ml of LB containing antibiotics and cultured overnight under agitation in 50 ml flasks. Bacteria pellets were rinsed and resuspended in agroinfection buffer (10 mM MgCl2, 100 μM acetosyringone) to an OD600 of 0, 5 and incubated 4 h under agitation before infiltration. Leaves were infiltrated by pressure at the abaxial surface in 1 cm^2^ leaf sectors on two leaves per plant using a 1 ml syringe without a needle. pK7WGF2::CRN2 construct (kindly given by S. Kamoun, The Sainsbury laboratory, Norwich, United Kingdom) and pCAMBIA::GFP-PhCRN37 construct in GV3101 strain were prepared and tested in *N. benthamiana* following the same protocol.

Subcellular Localization of Effector Candidates
-----------------------------------------------

Localization assays were performed in the two sunflower lines NIL161S and NIL161R. Three days post infection, leaf disks were harvested, infiltrated with water and observed by a Confocal Leica SP2 AOBS.

HR-Like Phenotype Notation
--------------------------

Phenotypes of infiltrated sectors were scored at 7, 10, and 13 days post agroinfection on a minimum of 12 plants (24 leaf sectors) per genotype, repeated twice. A cell death index scale (see **Figure [4](#F4){ref-type="fig"}** in the results section) was used to quantify the responses of infiltrated areas. Non-parametric Wilcoxon test was used for statistical analyses.

Western Analyses of Fusion Proteins
-----------------------------------

Infiltrated leaf samples were harvested 72 h post agroinfection. Western blot analyses were made with the Trans-Blot^®^ Turbo^TM^ Transfer System (Bio-Rad) and 10% Mini-PROTEAN^®^ TGX^TM^ Gel. Direct detection of YFP or GFP tag used rabbit anti-GFP antibodies and horseradish peroxidase (HRP) conjugated to a secondary mouse anti-rabbit antibody. Visualization was obtained by chemiluminescent Clarity^TM^ Western ECL Substrate (Bio-Rad) and a G-box (Syngene).

Results
=======

Selection of Expressed *P. halstedii* Putative Effectors from Transcriptomic Database
-------------------------------------------------------------------------------------

Five putative RXLR and one CRN *Pl. halstedii* effectors were selected for functional analyses in sunflower. They were chosen among the repertoire of expressed effectors identified from the PlasmoparaSp cDNA database^[1](#fn01){ref-type="fn"}^ ([@B33]). The effector sequences are provided in Supplementary Data [1](#SM2){ref-type="supplementary-material"}. The five putative RXLR proteins showed a predicted signal peptide of 17--23 amino acids (SignalP4.1) and putative translocation patterns described in RXLR effectors (**Table [1](#T1){ref-type="table"}**). Two of them, PhRXLR08 and PhRXLR31 have only a DEER domain but were predicted as RXLR effectors in the *P. halstedii* strain recently sequenced ([@B47]; **Table [1](#T1){ref-type="table"}**). The three others had either exact or very close RXLR-EER motifs (RMLQ-EDR for PhRXLR14) (**Table [1](#T1){ref-type="table"}**). PhRXLR02 and PhRXLR03 showed homology (blastp *e*-values \< 10E-5) with a predicted RXLR effector from *Phytophthora infestans*, PITG_04354 (**Table [1](#T1){ref-type="table"}**). PhRXLR02 and PhRXLR03 are two related proteins sharing 83% identity (*e*-value \< 10E-43) previously detected as part of the same blastn cDNA RXLR family, as defined in [@B33], and located on the same genomic scaffold ([@B15]). Altogether, the five RXLRs belonged to four different blastn cDNA families, suggesting that the encoded proteins might have diverse functions ([@B33]).

###### 

Description of the six *Plasmopara halstedii* putative effectors used for functional studies.

  Effector name   cDNA cluster name in PlasmoparaSp database^∗^   Predicted peptide size   SignalP prediction   Effector conserved motifs   BlastP best hit in *P. halstedii* proteome^+^   Effector protein name^+^   \% identity   \% subject   *e*-value   BlastP best hit in *P. infestans* proteome   \% identity   \% subject   *e*-value   *P. infestans* protein annotation
  --------------- ----------------------------------------------- ------------------------ -------------------- --------------------------- ----------------------------------------------- -------------------------- ------------- ------------ ----------- -------------------------------------------- ------------- ------------ ----------- -------------------------------------------------
  PhRXLR02        Plhal002956                                     114                      1_19                 RSLR -EER                   nd                                              nd                                                                PITG_04354                                   32.81         40           6E-06       Putative secreted RxLR effector peptide protein
  PhRXLR03        Plhal004047                                     100                      1_19                 RSLR -EER                   nd                                              nd                                                                PITG_04354                                   34.38         40           5E-06       Putative secreted RxLR effector peptide protein
  PhRXLR08        Plhal004370                                     151                      1_20                 DEER                        CEG48134.1                                      PHALS_05607                100           100          7E-114      nd                                                                                  
  PhRXLR14        Plhal020884                                     274                      1_17                 RMLQ-EDR                    CEG43625.1                                      nd                         100           85           5E-179      nd                                                                                  
  PhRXLR31        Plhal003241                                     199                      1_23                 DEER                        CEG35747.1                                      PHALS_00082                100           90           3E-123      nd                                                                                  
  PhCRN37         Plhal000548                                     418                      No                   LTLYLAKK-HVLVELP            CEG36555.1                                      nd                         98.56         100          0.0         PITG_18503                                   56.72         75           4E-131      Crinkler (CRN) family protein

∗

httpsr://www.heliagene.org/PlasmoparaSpecies

(

Mestre et al., 2016

).

\+

corresponding protein names (% identity \> 90%) in the

P. halstedii

proteome published by

Sharma et al. (2015)

. Nd, not detected; e-value threshold, 1E-05. Searches for best hit sequences were performed using BlastP on oomycete proteomes indicated (

E

-value \< 10e-5).

P. infestans

is

Phytophthora infestans

.

The *P. halstedii* putative CRN effector, PhCRN37 showed the predicted translocation motif LTLYLAK fitting well with the CRN consensus sequence LXLFLAK of oomycete CRN ([@B20]; [@B46]), LXLYLAK being highly represented in *P. halstedii* expressed CRN (11 cases out of a total of 54 analyzed) ([@B33]). PhCRN37 showed no signal peptide according to different SignalP prediction software (V2, V3, and V4.1) but its N-terminal domain fitted well with the N-terminal domain of *Phytophthora infestans* CRN ([@B20]), and with those of *P. halstedii* and *P. viticola* CRN according to the weblogo conservation profiles ([@B33]). These observations suggest that a signal peptide not predicted by the software used could be present in PhCRN37. PhCRN37 had a C-terminal domain of 318 amino acids localized after HVLVELP, the other important motif commonly found in oomycete CRN, showing 83% identity (*e*-value 1E-19, see alignment in **Figure [3A](#F3){ref-type="fig"}**) with the DXZ domain described in *Phytophthora infestans* CRN2 ([@B20]). The greatest homology of PhCRN37 C-terminal region was found in the necrotroph oomycete *Pythium ultimum* (blastp *e*-value = 0, [@B33]), but it had also close homologs (*e*-values \< 10e-80, corresponding to \>60% identity and \>90% coverage of the query sequence) in biotroph *Pseudoperonospora cubensis* and hemibiotroph oomycetes *Phytophthora infestans, Phytophthora sojae*, and *Phytophthora ramorum* ([@B33]).

Expression of Candidate Effector Genes in Infected Sunflower
------------------------------------------------------------

To further confirm that the *in silico* predicted effector genes are really expressed in the pathogen infecting sunflower plants, q-RT PCR experiments were performed in a suspension of *P. halstedii* spores and in susceptible sunflower seedlings at 3, 7, and 11 days post infection (dpi) with the *P. halstedii* pathotype 710. Expression of *P. halstedii RIBS3A* (*PhRIBS3A*) housekeeping gene encoding for the Ribosomal protein S3A was used to monitor *in planta* pathogen growth and to normalize effector gene expression (**Figure [1](#F1){ref-type="fig"}**). *PhRIBS3A* transcripts were detected at high levels in free spores before inoculation (mean Ct = 29 ± 0.3). In inoculated susceptible sunflower plants, *PhRIBS3A* quantification was hardly detectable at 3 dpi (mean Ct = 36 ± 0.5) probably because of low *in planta* pathogen content at that stage, but increased at 7 and 11 dpi, indicative of *in planta* pathogen growth. Compared to 3 dpi, it increased by 57-fold at 7 dpi (mean Ct = 30.7 ± 1) and by 43-fold at 11 dpi (mean Ct = 31 ± 0.5), stages corresponding to an important colonization of the plant tissues, 11 dpi being at the onset of sporulation ([@B16]).

![**Q-RT PCR gene expression patterns of six putative effector genes and a control gene, *PhRIBS3A*, in *P. halstedii* spores and in infected sunflower seedlings at 3, 7, and 11 days post inoculation (dpi).** Relative expression values of *P. halstedii* effector genes compared to housekeeping gene *PhRIBS3A* were calculated by the ΔCT method. *PhRIBS3A* expression ratio was normalized by the mean of plant constitutive genes by the ΔCT method. Standard error was calculated for each point for three biological repetitions and three technical repetitions.](fpls-07-01887-g001){#F1}

After normalization with *PhRIBS3A*, all effector genes tested except *PhRXLR08*, showed a low or non-significative expression in spores, and induction of their expression in infected sunflower tissues compared with spore suspensions (**Figure [1](#F1){ref-type="fig"}**). *PhRXLR02* and *PhRXLR03* genes showed the highest induction levels, showing at 3 dpi 8.3 ± 0.9 and 23.7 ± 2.4 relative expression values (rev), respectively, reaching a peak of expression at 7 dpi (13.8 ± 2.0 and 32.1 ± 4.4 rev), and decreasing at 11 dpi close to 3 dpi levels (**Figure [1](#F1){ref-type="fig"}**). *PhRXLR14* gene showed a similar but lower induction pattern as *PhRXLR02* and *PhRXLR03*, with a maximum at 7 dpi of 1.0 ± 0.1 rev. *PhRXLR08* and *PhRXLR31* genes displayed different induction patterns from previous RXLRs. They showed opposite patterns one from another, (i) *PhRXLR08* being expressed in spores and at 3 dpi at similar expression levels (1.2 ± 0.5, and 1.4 ± 0.3 rev, respectively) which decreased at 7 and 11 dpi, (ii) *PhRXLR31* being weakly induced at 3 dpi (0.3 ± 0.1 rev) and increased gradually at 7 dpi (1.6 ± 0.6 rev) and 11 dpi (2.2 ± 0.6 rev). *PhCRN37* gene expression peaked early at 3 dpi (1.4 ± 0.6 rev) and decreased thereafter to low levels (0.3 ± 0.1 rev at 7 and 11 dpi) (**Figure [1](#F1){ref-type="fig"}**). In conclusion, two expression profiles were observed: (i) an early expression pattern for two effector genes (*PhRXLR08* and *PhCRN37*), (ii) an increased expression from spores to early and late infection stages for the four other effector genes (*PhRXLR02, PhRXLR03, PhRXLR14*, and *PhRXLR31*), *PhRXLR02* and *PhRXLR03* showing the highest expression levels. These 6 *P. halstedii* effector genes expressed in inoculated sunflower were cloned in an *Agrobacterium* binary vector for further functional studies.

Subcellular Localization of Six *P. halstedii* RXLR and CRN Putative Effectors
------------------------------------------------------------------------------

The coding sequence of each *P. halstedii* RXLR effector, deleted from its predicted signal peptide was fused in frame to the C-terminal end of the fluorescent YFP coding sequence for *in planta* subcellular localization studies. The signal peptide of the oomycete protein is supposed to be cleaved off upon secretion from the oomycete as for other eukaryotes, and therefore it should no longer be present in the protein that goes to the plant cell *via* the translocation motives ([@B4]; [@B11]). To adopt a similar cloning strategy, GFP-PhCRN37 was built by removing the 17 first amino acids of *PhCRN37* predicted protein corresponding to a conserved region in several *P. halstedii* CRN ([@B33]). These constructs were placed under the control of the 35S promoter in an *Agrobacterium* binary vector. Following *Agrobacterium*-mediated transient expression, the fluorescence of YFP or GFP was localized in cytoplasm and nucleus of the sunflower cell when expressed alone (**Figures [2A,H](#F2){ref-type="fig"}**), as observed in *Nicotiana benthamiana* (not shown).

![**Subcellular localizations of PhRXLR and PhCRN fusion proteins in sunflower leaf tissues.** Sunflower **(A--K)** and *Nicotiana benthamiana* **(L)** leaf tissues showing expression of the YFP-RXLR and GFP-CRN fusion protein genes driven by the 35S promoter after *Agrobacterium*-transient expression. Results presented **(A--K)** are from susceptible NIL161S sunflower line. Scale bar = 10 μm. **(A)** Subcellular localization of the YFP protein in the nucleus and cytoplasm. Nuclear localization of PhRXLR02 **(B)** and PhRXLR03 **(C)** fused to YFP showing intense nucleolar fluorescence. Representative images of *in planta* plasma membrane-like localization of PhRXLR08 **(D)** and PhRXLR14 **(E)** fusion proteins. **(F,G)** PhRXLR31-YFP localizes at the nucleus, showing a dynamic subnuclear localization varying from nucleolar localization to speckles-like structures. **(H)** Subcellular localization of the GFP protein in the nucleus and cytoplasm. **(I)** PhCRN37-GFP showed a nucleoplasmic localization. Detail of the plasma-membrane like localization of PhRXLR08 **(J)** and PhRXLR14 **(K)**. **(L)** DAPI staining of nuclei expressing PhRXLR03 in transiently transformed *N. benthamiana* epidermal cells.](fpls-07-01887-g002){#F2}

YFP-PhRXLR02 and YFP-PhRXLR03 fusion proteins localized to the sunflower cell nucleus, and mainly in nucleolus where it gave a brighter signal, suggesting a higher concentration of the fusion protein in the nucleolus (**Figures [2B,C](#F2){ref-type="fig"}**). YFP-PhRXLR31 fusion protein localized also to sunflower nucleus (**Figures [2F,G](#F2){ref-type="fig"}**) but different localizations could be observed in different nuclei revealing a dynamic subnuclear localization for this protein. The fluorescence localized in nucleolus and nucleoplasm of most nuclei (**Figure [2F](#F2){ref-type="fig"}**), but in some nuclei, a punctuated localization in uncharacterized bodies could be observed (**Figure [2G](#F2){ref-type="fig"}**). GFP-PhCRN37 fusion localized also to the sunflower cell nucleus, but mainly in nucleoplasm as no fluorescence was observed in the nucleolus (**Figure [2I](#F2){ref-type="fig"}**). DAPI staining was performed to confirm nuclear localizations (**Figure [2L](#F2){ref-type="fig"}** and data not shown).

YFP fused to PhRXLR08 or to PhRXLR14 localized to the cell border, probably at the plasma membrane (**Figures [2D,E](#F2){ref-type="fig"}**). YFP-PhRXLR14 localized also in cytoplasm and in some undetermined cell bodies (**Figure [2E](#F2){ref-type="fig"}**). However, unlike YFP-PhRXLR08 (**Figure [2J](#F2){ref-type="fig"}**), YFP-PhRXLR14 showed a double and irregular pattern at the cell outline (**Figure [2K](#F2){ref-type="fig"}**), typical of some plasma-membrane located proteins ([@B22]; [@B57]). Co-localization experiments using appropriate constructs with known localization in cell compartments would be helpful to precise the localization of *P. halstedii* effector fusions.

Different subcellular localization patterns were observed for the six effector fusions, but no difference was observed between the resistant and susceptible sunflower genotypes tested. Subcellular localizations in *N. benthamiana* leaves were identical to those observed in sunflower leaves. Protein integrity and molecular weight of the protein fusions were checked by western blot analyses on sunflower leaf proteins (data not shown).

Four *P. halstedii* Putative Effectors Induce HR-Like Responses in Resistant Sunflower Lines But Not in *N. benthamiana*
------------------------------------------------------------------------------------------------------------------------

Transient expression assays performed on *N. benthamiana* with the six *P. halstedii* effector fusions gave no HR-like responses. This was not really surprising since (i) most of these effectors are specific to *P. halstedii* (**Table [1](#T1){ref-type="table"}**), (ii) *P. halstedii* is a pathogen restricted only to some Asteraceae species and does not infect Solanaceous species such as *N. benthamiana*. However, PhCRN37 is closely related to *Phytophthora infestans* CRN2 (blastp *e*-value 4E-131, 48% identity, **Table [1](#T1){ref-type="table"}**) especially in its C-terminal 234 amino-acid region defined as domain DXZ ([@B20]), showing 64% of identical amino acids (**Figure [3A](#F3){ref-type="fig"}**). CRN2, as well as the CRN2 DXZ region was shown to be sufficient to induce cell death when expressed in *N. benthamiana* cells ([@B20]; **Figure [3B](#F3){ref-type="fig"}**). Unlike CRN2, PhCRN37 was not able to induce cell death in *N. benthamiana*, suggesting that the polymorphism observed in PhCRN37 was sufficient to prevent cell death induction in those cells (**Figure [3B](#F3){ref-type="fig"}**).

![***Plasmopara halstedii* CRN effector, PhCRN37, does not exhibit a necrosis phenotype in *N. benthamiana.* (A)** Alignment of CRN2 necrotic domain (CRN2_NecD, 173--407 amino acids) of *Phytophthora infestans* CRN2 protein with the corresponding domain of PhCRN37 (PhCRN37_D, 126--369 amino acids). **(B)** Unlike CRN2 effector from Phytophthora infestans, PhCRN37 does not induce cell death after infiltration in *N. benthamiana* leaf. Picture was taken at 4 days post infiltration.](fpls-07-01887-g003){#F3}

Transient expression assays were then performed in sunflower plant cells. We selected a couple of sunflower near-isogenic lines (NIL) and introgression lines (xxRM) carrying different *Pl* resistance loci to pathotype 710, in order to cover most of sunflower genetic resistance to *P. halstedii* pathotype 710, and to improve likelihood of recognition of the effectors tested. Inbred sunflower lines NIL161R, CAYRM, and GBRM have *Pl5, Pl6*, and *Pl7* loci, respectively, and are resistant to *P. halstedii* pathotype 710, whereas susceptible lines NIL161S, CAY, and GB have, respectively, the same genetic backgrounds as the resistant lines, but carry the susceptible alleles to pathotype 710 of *Pl* loci.

The phenotypical effect of transient overexpression of each effector fused to GFP or YFP was estimated quantitatively in sunflower leaves using a rating scale from zero (no cell death) to 5 (a dry necrosis extending all over the infiltrated area) (**Figure [4](#F4){ref-type="fig"}**). We considered that scores of 4 (large sectors of dry necroses inside the infiltrated area) to 5 corresponded to HR--like responses.

![**Scoring scale of sunflower leaves used in *Agrobacterium*-transient experiments**.](fpls-07-01887-g004){#F4}

Four *P. halstedii* effector fusions (GFP-PhCRN37 and three RXLRs: YFP-PhRXLR02, YFP-PhRXLR03, and YFP-PhRXLR14) among the six tested induced cell death at a significantly higher level than GFP or YFP alone in at least one sunflower genotype (**Figures [5](#F5){ref-type="fig"}** and **[6](#F6){ref-type="fig"}**). PhRXLR02, PhRXLR03, and PhRXLR14 fused to YFP induced HR-like responses when expressed in GBRM leaves containing *Pl7* resistance locus (mean score around 4), but only chlorosis in the corresponding susceptible parent GB (mean score at 2 and below) (**Figures [5](#F5){ref-type="fig"}** and **[6](#F6){ref-type="fig"}**). The cell death was confluent at 10 days post agroinfection (dpa) in this genotype. GFP-PhCRN37 induced an HR-like response, visible from 7 dpa, only in NIL161R, which carries *Pl5* resistance locus, and not in the corresponding susceptible line, NIL161S (**Figure [5](#F5){ref-type="fig"}**). No confluent HR-like responses were observed in the infiltrated areas of the line CAYRM, containing the *Pl6* locus, with any of the effectors tested, nor in the corresponding susceptible isogenic line CAY. Necrotic dots were sometimes detected in CAYRM leaves infiltrated with YFP-PhRXLR02, YFP-PhRXLR03 and YFP-PhRXLR31 (**Figure [5](#F5){ref-type="fig"}**).

![**Recognition of *P. halstedii* RXLR and CRN effectors in resistant sunflower genotypes by HR-like responses**. Phenotypes observed in sunflower leaves of six different genotypes (susceptible genotypes: NIL161S, CAY, and GB, and resistant genotypes to pathotype 710 of *P. halstedii*: NIL161R, CAYRM and GBRM; see text for explanations) after *Agrobacterium*-transient expression of the different YFP-PhRXLR, or the GFP-PhCRN37 fusions driven by the 35S promoter. Pictures were taken 11 days post infiltration.](fpls-07-01887-g005){#F5}

![**Mean scores estimated on sunflower leaf sectors 11 days post infiltration with the *P. halstedii* YFP-RXLR and GFP-CRN effector fusions.** Twenty four leaf sectors were scored in two representative independent experiments. Statistical analysis was performed with Wilcoxon test. Asterisks indicate significant differences with the control constructs in the same sunflower genotype (YFP for PhRXLRs and GFP for PhCRN37), calculated for the two biological replicates. ^∗∗∗^*P*-value \< 0.001.](fpls-07-01887-g006){#F6}

Scoring responses of the infiltrated leaf areas were quantified at 11 dpa in 24 sunflower leaf sectors per genotype (**Figure [6](#F6){ref-type="fig"}**). For the four effectors inducing visible and confluent cell death (**Figure [5](#F5){ref-type="fig"}**), the mean levels were significantly higher (*P*-value \< 0.001) when they were expressed in the leaves of resistant sunflower lines compared to corresponding susceptible lines, suggesting that they could be recognized by the *Pl* locus present in the resistant plant. PhRXLR02, PhRXLR03, and PhRXLR14 YFP fusions induced HR-like cell death in response to the *Pl7* locus introgressed in GBRM, whereas GFP-PhCRN37 was recognized by the *Pl5* resistance locus functional in NIL161R but not in NIL161S.

Discussion
==========

Throughout this work, we performed the functional analysis of six putative effectors of *P. halstedii*, sunflower downy mildew. Expression experiments showed that some of these candidate effectors are highly induced during infection, suggesting their potential importance in host colonization process by the oomycete. However, induction levels measured *in planta* were variable according to the effectors tested. We had noticed previously that expression of putative *P. halstedii* effector genes showed considerable variability between different infected tissues of sunflower seedlings, for example between roots and hypocotyls, 3 dpi (data not shown). This variability could be due to the difficulty in measuring real *in planta* infection levels and synchronizing developmental stages of *P. halstedii* during its interaction within the plant. In the expression experiments presented here, we therefore chose to extract RNA from whole infected seedlings at different time points, in order to minimize the distribution bias due to uneven *in planta P. halstedii* development. We also normalized effector gene expression levels with a constitutive *P. halstedii* gene encoding a ribosomal protein, used as an *in planta P. halstedii* quantification.

The only way to perform *P. halstedii* infection in sunflower is to inoculate germinated seeds at a given spore concentration, then plant them in soil, and after 10--12 days growth, cover the seedlings to increase relative humidity in order to provoke sporulation on cotyledons or leaves 2 days later in the case of downy mildew susceptibility. The number of successful infections with entry of the pathogen into the root cannot be easily measured quantitatively, other than by counting hyphae under the microscope from cross sections of roots or hypocotyls stained with lactophenol blue ([@B16]). Internal growth curve (IGC) experiments widely used to quantify numbers of *in planta* pathogenic bacteria cannot be adapted to *P. halstedii*, due to its obligate biotrophic character, and its inability to grow *in vitro*. The progression of the pathogen within the seedling is also difficult to estimate accurately both spatially and during time, although there seems to be a well organized infection pattern, the pathogen hyphae going straight from roots to aerial parts of the plant where sporulation occurs ([@B16]).

*Plasmopara halstedii* is an obligate biotroph oomycete showing no necrotrophic phase of infection. Three PhRXLR effectors tested peaked at 7 dpi, i.e., a few days before sporulation and which could still be considered as early stages of infection for *P. halstedii*. PhRXLR31 was maximally induced at later stages, close to sporulation and could correspond to a virulence factor necessary for pathogen colonization and disease. The expression pattern of PhCRN37, with its maximal induction at 3 dpi, resembles more closely that of a classical avirulence gene. However, to our knowledge, no *senso stricto* avirulence function for a CRN effector has been shown. *P. viticola* RXLR expression patterns peaked as early as 48 h post-infection, probably because of the direct leaf disk dipping method used for grape downy mildew inoculation ([@B34]; [@B66]).

Although *Agrobacterium*-mediated transient expression of genes into leaves of entire plants has been described for many plants, such a technique did not exist for sunflower, and in the Asteraceae family, it was described for lettuce ([@B26]). Stable transformation of sunflower by *A. tumefaciens* is still difficult, with poor efficiency and is restricted to specific sunflower lines ([@B25]; [@B31]; [@B6]; [@B30]). Transient transformation of detached sunflower leaves infiltrated *under vacuo* with *A. tumefaciens* was proposed in order to overcome structural leaf problems and low bacterial transformation efficiencies ([@B32]; [@B24]). The tedious but successful adaptation of these protocols to sunflower leaves of entire plants was, for us, a prerequisite for functional studies of *P. halstedii* effectors. We therefore tested several *A. tumefaciens* strains with various virulence levels carrying a GUS (*uidA* gene) -- intron construct, on different sunflower genotypes in order to improve transformation efficiency. We found that the *A. tumefaciens* strain LBA4404 was the best compromise between a good cell transformation level and a limited stress infiltration in leaves of different sunflower lines. Setting up this test was instrumental to achieving subcellular localization of *P. halstedii* effectors in its host plant and essential to testing their eventual recognition in resistant sunflower genotypes. Since the host range of *P. halstedii* is restricted to only a few *Helianthus* species, transient expression of *P. halstedii* effectors in *N. benthamiana* or any other plant easy to transform would not reply to questions related to host specificity and effector recognition. Using this protocol, we were able for the first time to initiate functional analyses of putative sunflower downy mildew effectors.

Three *P. halstedii* effectors fused to the YFP fluorescent protein, PhRXLR02, PhRXLR03, and PhRXLR31, were localized in the sunflower cell nucleus, and mainly in nucleolus. GFP-PhCRN37 showed also nuclear localization but was excluded from the nucleolus. PSORT predictions^[2](#fn02){ref-type="fn"}^ suggested nuclear localization for PhRXLR02, 03 and PhCRN37 fusion proteins because of presence of nuclear localization signals that were not detected in PhRXLR31. Forty-nine RXLR effectors (HaRXLs) of Arabidopsis downy mildew, *H. arabidopsidis*, were studied functionally *in planta* ([@B8]). Thirty-three percent of HaRXLs were exclusively found in the *A. thaliana* cell nucleus, and 22% showed nucleolar localizations ([@B8]). Nuclear localization of oomycete CRN effectors is even more frequent, for example all CRNs identified in *Phytophthora capsici* were localized in the *N. benthamiana* cell nucleus ([@B49],[@B50]). Nuclear localization in *N. benthamiana* was reported as essential for the necrotic function of CRN effectors from *Phytophthora infestans* and *Aphanomyces euteiches* ([@B46]). Interestingly, PhCRN37 from *P. halstedii* and CRN2 from *Phytophthora infestans*, which both have a CRN DXZ domain presented the same subcellular localization in the nucleus with nucleolus exclusion in *H. annuus* and *N. benthamiana*, respectively ([@B46] and our data). High sequence conservation and similar localization in both plants could *a priori* suggest that their role in pathogen virulence might be similar; we showed, however, that at least the induced cell death activity in *N. benthamiana* is lost in PhCRN37 compared to *Phytophthora infestans* CRN2.

The different intranuclear localizations of effectors could also give us information about their possible functions. The plant cell nucleus can be divided into two prominent compartments, the nucleolus and the nucleoplasm. The nucleolus is mainly involved in transcription of ribosomal RNA genes, maturation of precursor rRNA, and assembly of ribosomal subunits ([@B48]), but also in other functions including transport, splicing of RNA and transcriptional gene silencing ([@B38]; [@B45]). Gene transcription occurs in the nucleoplasm, which contains most DNA material, transcription factors, and proteins involved in DNA and RNA synthesis. Like bacterial TAL effectors, nucleoplasm localization of oomycete effectors like PhCRN37 could promote pathogen virulence by activating or suppressing expression of host genes, respectively, involved in plant susceptibility or resistance. Nucleolar localization suggests that *P. halstedii* effectors PhRXLR02, PhRXLR03, and PhRXLR31 may target rRNA and ribosome biosynthesis, thus acting on protein translation of plant defense genes as was hypothesized for *H. arabidopsidis* RXLRs ([@B8]). The dynamic subnuclear localization of the YFP-PhRXLR31 still raises questions. Although YFP-RXLR31 is mainly located in nucleolus and nucleoplasm, the fusion protein is also observed in certain nuclei in uncharacterized and unstable bodies, known as speckles by certain authors. Nuclear speckles have been described as dynamic structures showing a punctate pattern within the nucleus of mammalian cells. They change in composition over time and co-localize with actively transcribed chromatin regions ([@B27]). In plants, nuclear speckles correspond to storage and assembly areas that procure splicing factors to active transcription sites; according to speckle size, they are associated with activation or inhibition of transcription or splicing ([@B44]). The localization of YFP-RXLR31 in speckles could suggest that PhRXLR31 might be involved in such processes leading to host plant gene regulation.

Another major cell compartment targeted by RXLR effectors is the membrane network (26% of HaRXLs) including plasma membrane for 6% ([@B8]). Two *P. halstedii* putative effectors fused to YFP, PhRXLR08, and PhRXLR14, were localized to the sunflower cell border, probably at the plasma membrane. YFP-PhRXLR08 was only localized there, with a continuous labeling, whereas YFP-PhRXLR14 showed an irregular labeling at the cell border. The double and irregular labeling observed for YFP-PhRXLR14 was shown for plasma membrane-localized proteins from rice and *A. thaliana* ([@B22]; [@B57]). YFP-PhRXLR14 showed in addition to the cell border labeling in the cytoplasm and in undetermined bodies that might be peroxisomes, as predicted by PSORT localization (*P* = 0.64), but more probably because of their unclear appearance, vesicles from the secretory pathway (known as late endosomes).

Because trans-membrane proteins like pathogen recognition receptors (PRRs) constitute the first level of microbe recognition in plants in Pattern Triggered Immunity (PTI), membrane localized effectors might target PRRs and be involved in disrupting plant immunity. Oomycete RXLR effectors could directly target PRR associated proteins to inhibit induction of plant immune signals ([@B8]). The role of effectors targeting the plasma membrane in pathogen virulence was shown with Arabidopsis lines expressing HaRxLR77 which were more susceptible to *H. arabidopsidis* than wild type ([@B8]). HaRxLR77 was suggested to prevent exocytosis of defense components or endocytosis of PRR that activate PTI responses. The AVRblb2 RXLR effector from *Phytophthora infestans* is also plasma membrane localized, and interferes also with vesicle trafficking to prevent secretion of host cysteine protease C14 ([@B5]). *P. halstedii* produces haustoria in the sunflower cell ([@B16]). It would be interesting to investigate *P. halstedii* effector localization in cells presenting haustoria, as was done for RXLR effectors from model oomycetes ([@B5]; [@B8]).

Numerous RXLR genes from oomycete pathogens were shown to be involved in the triggering of HR and resistance to infection in the presence of a specific resistance plant gene, illustrating the "gene-for-gene hypothesis" in oomycetes (for reviews, [@B21]; [@B11]). This perception mechanism is based on plant resistance (R) proteins that confer indirect or direct recognition of specific pathogen avirulence (Avr) proteins. In the sunflower --*P. halstedii* interaction, no such gene-for-gene interaction has been described yet, probably because of the difficulty in studying this pathosystem ([@B16]), and the recent availability of molecular data for the two partners ([@B1]; [@B47]; [@B15]^[3](#fn03){ref-type="fn"}^; [@B33]). Complexity and size of the sunflower genome, together with lack of reverse genetics techniques in both partners have hampered validation of candidate genes involved in resistance.

For these reasons, we chose the *Agrobacterium*-mediated transient expression method to test possible recognition of *P. halstedii* effector genes from pathotype 710, by sunflower lines carrying three different resistance loci to this pathotype. We were able to use sunflower lines that have been introgressed with two *Pl* regions, *Pl6* and *Pl7*, and NIL with or without the *Pl5* locus, in order to eliminate effects of genetic background variations outside the *Pl* regions. None of the six *P. halstedii* effectors tested induced HR- like responses in the susceptible lines, and the stress response induced by agroinfection, as indicated by responses to YFP and GFP alone, remained at a low level for the six resistant or susceptible genotypes. This result makes it possible to validate the HR-like responses obtained with four effectors, three RXLR and one CRN that were recognized by one of the resistant lines.

Hypersensitive-like responses were very clear and confluent at 10 days post agroinfection and easily distinguishable from a yellowish background observed with the control construct on some sunflower lines. However, decoloration and spotted necrotic areas were visible much earlier, at 3 or 6 days post infiltration, respectively, in the leaf sectors that will show later on confluent HR. In comparison, HR triggered in *N. benthamiana* by other RXLR or CRN effectors could be visible at 4 days after agronfection but were usually shown after 6--8 days ([@B61]; [@B20]; [@B54]; [@B63]; [@B4]). In other species, such as lettuce, 6 days were necessary ([@B51]). Using *PsojNIP1* encoding a necrotic --like protein of *Phytophthora sojae* ([@B7]), we observed that sunflower needs at least 2 more days to get a clear dry HR-like response compared to *N. benthamiana*. This could be due to a lower transformation cell rate in sunflower compared to *N. benthamiana*, and probably also to lower expression levels of the construct in sunflower.

Three RXLR effector fusions were recognized by the resistant line GBRM carrying *Pl7* locus, (i) PhRXLR02 and PhRXLR03 that share sequence similarity and are nuclear localized, and (ii) PhRXLR14 that is very different in sequence and localized at the cell border. We suggest the hypothesis that a protein encoded by a gene present in the *Pl7* introgressed region in GBRM would recognize both PhRXLR02 and PhRXLR03. In the guard model ([@B23]) it was shown that the R protein is not the only plant partner involved in the interaction and that the direct recognition of the Avr protein is often mediated by a guardee. The *A. thaliana* RPM1 R protein can enable dual specificity disease resistance of two distinct bacterial avirulence proteins, AvrB and AvrRpm1 and trigger HR with both ([@B18]). RPM1 was later defined as being the R guard that recognizes different modifications performed on a common guardee RIN4 ([@B19]). In the case of PhRXLR14, which has a different cellular localization from PhRXLR02 and 03, we can propose that it is recognized by another gene present also in the introgressed GBRM region. Unfortunately, the *Pl7* region is poorly documented in the literature ([@B58]). The closely linked *Pl6* region has been studied in more detail and has revealed the complexity of sunflower genomic regions involved in downy mildew resistance. According to [@B3] the *Pl6* locus is suspected to span several megabases of LG8 and to contain at least 11 functional *Pl* genes conferring resistance to several pathotypes of *P. halstedii*. In this region, these authors mapped specific markers derived from 13 different RGAs belonging to the TIR-NBS-LRR class of plant resistance genes ([@B3]). A more recent study by positional cloning proposed in this region a TIR-NBS-LRR gene candidate for a *Pl* resistance gene that would confer resistance to pathotype 300 ([@B13]).

The *P. halstedii* PhCRN37 induced HR-like responses only in the NIL carrying the *Pl5* locus, introduced from the sunflower line XRQ, that confers resistance to pathotype 710 ([@B1]). The region of the *Pl5* locus also contains a large number of RGAs ([@B41]). Our results suggest that a *P. halstedii* CRN effector might be recognized in a specific resistant host and not in the susceptible near-isogenic line, nor in the non-host plant *N. benthamiana*. Until now, the role of this ancient class of effectors found in every oomycete species ([@B46]), was thought to induce cell death or to suppress plant immunity responses ([@B55]; [@B20]; [@B29]; [@B28]). We can speculate that, according to its early expression pattern and its recognition specificity, PhCRN37 might act as an avirulence gene that would be recognized by one of the numerous RGAs present in sunflower *Pl5* locus region ([@B41]).

The function of avirulence gene for *P. halstedii* effectors will be difficult to prove definitely, as no reverse genetics technique is available for this pathogen, and no sunflower cognate resistance gene has been cloned. For some effectors, we could benefit from the polymorphic alleles present in pathotypes showing divergent virulence patterns and test them with *Agrobacterium*-mediated transformation on appropriate lines ([@B15]).

For the two effector genes not recognized, we have no clue whether they really play a role in the pathogenicity of *P. halstedii*. Other *Pl* loci (*Pl Arg, Pl16* and *Pl13*) mapped on LG1 confer resistance to pathotype 710 and could have been tested. Unfortunately, no introgressed lines were available. Suppression of Pattern Triggered Immunity (PTI) is a good marker to test the role of a given effector in virulence. It would be interesting to test whether *P. halstedii* RXLR or CRN effectors are able to suppress PTI induced by *Phytophthora infestans* infestin INF1, for example, as does the *Phytophthora infestans* Avr3A RXLR effector ([@B2]) and more recently, several RXLR from *P. viticola* ([@B65]).

Effectors can be exploited in breeding against biotrophic pathogens. Functional genomic approaches (known as "effectoromics") can be performed using effectors for probing plant germplasms to detect new *R* genes ([@B60]). Effectors can provide a tool to accelerate resistance gene cloning as generation of stable transformations can be by-passed by quick functional assays based on transient expression. This strategy has already been applied to *Phytophthora infestans* and potato and led to the characterization of novel resistance genes in non-cultivated species of potato ([@B61]). More recently, a RXLR-variant GKLR effector of the obligate biotroph oomycete causing lettuce downy mildew, *B. lactucae*, was shown to be recognized in lettuce cultivars containing the *Dm2* gene, and proposed to be a candidate *Avr2* avirulence gene ([@B51]). Similar strategies applied to a larger set of *P. halstedii* effectors and various sunflower germplasms should contribute to determine *P. halstedii* avirulence genes and to increase and discover novel resistances that can be exploited in breeding. With appropriate segregating sunflower populations, it should also in term accelerate the map-based cloning of sunflower downy mildew resistance genes.
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